Glycogen synthase kinase3β (GSK3β) is a Serine/Threonine kinase involved in metabolic reactions, and the Wnt, Akt, Hedgehog and BMP/Smad1 signalling pathways. It regulates cell metabolism, the cell cycle and cell fate through the phosphorylation of a diverse array of substrates. Its disorders lead to testicular degeneration, testicular cord disruption and many other reproductive diseases that often lead to infertility. In mammals, GSK3β plays an important role in the regulation of spermatogenesis. To explore functions of GSK3β during spermatogenesis in Eriocheir sinensis we cloned the full-length GSK3β cDNA sequence from the testis of E. sinensis (EsGSK3β). The 1161-nucleotide open reading frame encodes a 386-amino-acid protein with a predicted molecular mass of 43 kDa. Additionally, we examined the expression pattern of EsGSK3β in different tissues and testis developmental stages using real-time PCR and Western blotting. Localization analysis of EsGSK3β RNA and protein by in situ hybridization and immunofluorescence, respectively, showed that molecules translocated from the cytoplasm and nucleus to the regions of the acrosomal tubule and apical cap during spermatogenesis. The results indicated that EsGSK3β might play an important role during E. sinensis spermatogenesis.
INTRODUCTION
Glycogen is the major source of glucose reserves in specific vesicular cells and is an important form of energy in virtually every organism (Berthelin et al., 2000; Greenberg et al., 2006) . Glycogen synthase kinase 3 (GSK3) was initially identified based on its ability to regulate metabolic enzymes such as ATP-citrate lyase and glycogen synthase (Cohen et al., 1985) . GSK3 is a multifunctional Serine/Threonine kinase. In vertebrates, there are two GSK3 isoforms (GSK3α and GSK3β) encoded by distinct genes, and both are widely expressed, particularly in the brain (Woodgett, 1990; Wang et al., 2013) . The two isoforms are highly homologous at the kinase domain, but differ at their N-and C-termini. The isoforms share overlapping physiological functions in terms of regulating a diverse array of cellular processes (Force & Woodgett, 2009 ). GSK3 is not only involved in metabolic reactions, but also in the integration of the Wnt, Akt, Hedgehog and BMP/Smad1 signalling pathways (Fuentealba et al., 2007; Eivers et al., 2009; Kim et al., 2009) . Therefore, GSK3 is an important "hub", linking significant signalling pathways. GSK3β is involved in opioid-mediated apoptosis in breast cancer and neuronal cells (Zhao et al., 2009; Li et al., 2010) , and overexpression of GSK3β causes neuronal apoptosis (Hetman et al., 2000) . GSK3β is an essential element of the Wnt and Hedgehog signalling pathways, which are involved in numerous cellular processes, including embryonic development, protein synthesis, glycogen metabolism, control of gene expression, cell differentiation, cell mobility, gametogenesis, mitosis and apoptosis (Grimes & Jope, 2001; Rentzsch et al., 2005; Kaidanovich et al., 2011) . Wnt signalling participates in the major events during testis development, including primordial germ cell specification, proliferation and migration, testis determination, somatic cell regulation and spermatogenesis, and affects testis-related disorders (Donga et al., 2015) . New data indicate that Wnt signalling is required at multiple stages of spermatogenesis. Wnt/β-catenin pathways might play an important role in spermatogenesis in mice and humans (Golestaneh et al., 2009 ). In the absence of a Wnt ligand, β-catenin is phosphorylated by the GSK3β-Axin (a cell scaffold protein)-APC (adenomatous polyposis coli) complex, which targets β-catenin for ubiquitinylation and subsequent degradation by proteasomes. In Wnt-stimulated cells, GSK3β phosphorylation of β-catenin is prevented, causing migration of β-catenin into the nucleus and expression of specific target genes (Cadigan & Nusse, 1997) . In addition, GSK3β may control cell-cycle mechanisms directly by phosphorylating cyclin D1, thereby prompting the latter's nuclear exit and subsequent proteolysis (Diehl et al., 1998) . Several studies have indicated that GSK3β mediates cell-cycle arrest in Xenopus oocytes (Fisher et al., 1999) . Increasing evidence suggests that GSK3β is directly linked to a large number of diseases, including Alzheimer's disease (DaRocha-Souto et al., 2012 ), Parkinson's disease (Al Sweidi et al., 2012) and diabetes (Gao et al., 2011) . GSK3β also plays an important role in gonad development and neurological development (Zeng et al., 2013) .
Numerous substrates are recognized by GSK3β, including transcription factors (such as Myc, beta-catenin, p53, NFκB, AP-1 and c-jun); metabolic and signalling proteins (such as glycogen synthase, Cyclin D1 and Axin); structural proteins (e.g., neural cell adhesion protein (NCAM)); and apoptosis-related proteins, like Bax and p53 (Tullai et al., 2007 (Tullai et al., , 2011 . GSK3β is active under basal conditions and is inactivated by mitogen-activated protein kinases (MAPKs), such as MAPKp38 and ERK upon phosphorylation, and Akt through phosphorylation of its Nterminus at Ser-9 (Cross et al., 1995; Jope & Johnson, 2004; Martin et al., 2005; Wang et al., 2011) . p38 directly phosphorylates and inactivates GSK3β, and the downstream substrate of p38, MAPKAPK-1, can also inactivate GSK3β (Thornton et al., 2008) . In addition, active GSK3β negatively affected the activation of the MAPK ERK1/2 in lipopolysaccharide (LPS)-stimulated cells, and inhibition of GSK3 up-regulated the levels of phosphorylated ERK1/2 (Rehani et al., 2009 ). The results from our laboratory have demonstrated that, in the Chinese mitten crab, Eriocheir sinensis H. Milne Edwards, 1853, p38 participates in spermatogenesis and the acrosome reaction, and that ERK is involved in the acrosome reaction in vitro Zhu et al., 2015) . Currently, most research on GSK3β proteins has focused on mammals, and few studies have focused on the function of GSK3β during spermatogenesis of invertebrates. Therefore, we decided to explore the function of GSK3β in E. sinensis.
Eriocheir sinensis is a crustacean belonging to the order Decapoda and the male reproductive system of E. sinensis comprises of a pair of testes, vasa deferentia, seminal vesicles, accessory glands and ejaculatory ducts (Du et al., 1988b) . It is an important aquaculture species that is widely cultivated in Southeast Asia (Ying et al., 2006) and is one of the most important commercially bred species that is native to China (Tepolt et al., 2007) . In addition, it has medicinal value and is often employed as a model organism in reproductive studies (Jiang et al., 2009) . However, with large-scale farming, various problems, such as germplasm degradation and sexual precocity, have arisen that have caused large economic losses to farmers (Wang et al., 2004) . To improve the efficiency of the Chinese mitten crab culture industry, many studies have been performed in our laboratory, including histology, variation of biochemical composition, reproduction and genomics. However, we still await the publication of the sequenced genome of the Chinese crab. Such information represents a valuable resource for future studies, including those on the Chinese mitten crab's functional genes, because data on molecular markers of growth, metabolism and reproduction would be of great economic value. Genomic information for E. sinensis from our laboratory showed that GSK3β has only one isoform. Spermatogenesis, characterized by successive periods of cell proliferation, meiosis and haploid differentiation, is regulated by a variety of genes, such as GSK3β, Cyclin B1, Cdc2, PGAM4, Tesmin, Dmcl and XPD (Xiao et al., 2008) . Research on expression and function of these genes is needed to better understand the spermatogenesis. Spermatogenesis of E. sinensis comprises three phases: the early stage (spermatogonium), middle stage (primary spermatocyte and secondary spermatocyte) and late stage (spermatid and sperm) (Du et al., 1988a) .
To explore the possible functions of GSK3β, we surveyed GSK3β expression and distribution in spermatogenesis in the Chinese mitten crab. In this paper, we successfully cloned the full-length GSK3β from the testis of E. sinensis (Es-GSK3β) and its protein structure and phylogeny were analysed. In addition, we explored the expression pattern of EsGSK3β and localization during spermatogenesis in E. sinensis. EsGSK3β was mainly detected in spermatogonia and spermatocytes, and was decreased in spermatid and spermatozoa. The results indicate that EsGSK3β might be involved in regulating spermatogenesis in E. sinensis and provide new insights into the dynamic molecular mechanism of this process.
MATERIAL AND METHODS

Animal and tissue collection
Healthy, sexually mature Chinese mitten crabs, Eriocheir sinensis, were obtained from a commercial crab farm (Xin An aquaculture market in the Minhang District in Shanghai, P. R. China) during July 2014-January 2015. The crabs used for experiments were lightly anesthetized in an ice bath for 3-5 min. Heart, intestines, stomach, testis, ovary, gill and accessory gonad tissues were collected, frozen in liquid nitrogen and stored at −80°C before RNA and protein extraction. Abbreviations used: GSK3β, glycogen synthase kinase3β; MAPKs, mitogenactivated protein kinases; Tcf, T-cell factor; APC, Adenomatous polyposis coli; NF-κB, nuclear factor-κB; LEF, lymphoid enhancer binding factor; NCAM, neural cell adhesion protein; Cdc2, cell division cycle 2; PGAM4, phosphoglycerate mutase 4; Dmcl, dosage suppressor of mck1 homolog; XPD, xeroderma pigmentosum group D.
Total RNA extraction Total RNA was extracted from frozen tissues using the Trizol reagent (RNA Extraction Kit, Invitrogen) according to the manufacturer's protocol. Total RNA concentration and quality were estimated by spectrophotometry at an absorbance of 260 nm (Eppendorf Biophotometer Plus) and by agarose gel electrophoresis, respectively.
Cloning the full-length EsGSK3β cDNA A partial cDNA sequence of EsGSK3β, obtained from the transcriptome data of the testis (He, 2012) from Eriocheir sinensis, was confirmed using specific primers (table I) designed by Primer Premier 5.0. Total RNA (5 μg) extracted from the testis was reverse transcribed using a SMART™ cDNA kit (Clontech) and used as the template for rapid amplification of cDNA ends (RACE). The complete cDNA of EsGSK3β was then obtained using gene-specific primers (table I) and the SMARTer™ RACE cDNA amplification kit (Clontech) according to the manufacturer's protocol. PCR reactions and the PCR program were described previously by Wang et al. (2014) . The PCR products were separated by electrophoresis on 1.2% agarose gels. 
at the National Center for Biotechnology Information (NCBI; http://www.ncbi. nlm.nih.gov/blast) was used to analyse sequence similarities. The physicochemical parameters of the deduced protein sequence were analysed using ExPASy (http://web.expasy.org/protparam/). The Simple Modular Architecture Research Tool (SMART, http://smart.embl-heidelberg.de/) was used to predict the protein domains and signal peptides. Multiple sequence alignments were generated using ClustalX software (Thompson et al., 1994) . The phylogenetic tree was constructed using MEGA 5.0 (http://www.megasoftware.net/).
Quantitative real-time reverse transcription PCR (qRT-PCR) analysis
qRT-PCR was conducted using the CFX96TM Real Time System (Bio-Rad) to investigate the distribution of GSK3β in different tissues and at different testis developmental stages. Total RNA (4 μg) extracted from different E. sinensis tissues was reverse transcribed for qRT-PCR expression analysis using the SYBR ® Premix ExTaqTM kit (Takara). qRT-PCR was performed by SYBR ® Premix Ex Taq™ (Takara) with EsGSK3β gene-specific primer pairs (table I). All qRT-PCR reactions were completed in triplicate using independently extracted RNA and all qRT-PCR experiments were normalized to the control gene β-actin (table I) . PCR conditions were as described by . qRT-PCR amplification reactions were carried out in a final volume of 25 μl, including 9.5 μl PCR-grade water (RNase free, Takara), 1 μl diluted cDNA template (100 ng/μl), 12.5 μl 2× SYBR Premix Ex Taq (Takara) and 1 μl of each PCR primer (10 μM). Expression levels of EsGSK3β were calculated using the 2 − Ct comparative CT method (Livak, 2001) , and the data were shown as the mean ± SD. Data were analysed using the CFX Manager™ software (version 1.0).
SDS-PAGE analysis and Western blotting
Total proteins were extracted from testis at different development stages and from various tissues (in November 2014) of E. sinensis using RIPA lysis buffer according to the instructions of the manufacturer (Beyotime), and separated by 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were transferred to a PVDF membrane (CWBio) at 200 mA for 120 min. Subsequently, the membrane was blocked with 5% bovine serum albumin (BSA) in TBST solution for 60 min at room temperature and then incubated with a commercially available anti-GSK3β monoclonal antibody (diluted at 1 : 1000) (Abcam) at 4°C overnight. The membrane was washed with TBST (3 × 5 min) and then incubated with goat anti-mouse IgG conjugated to horseradish peroxidase (HRP, 1 : 3000) (HuaAn Biotechnology) for 1 h at 37°C. The signal was detected using a cECL Western Blot Kit (CWBio), and images were obtained by charged-couple device imaging. For subsequent detection of β-actin on the same membrane, the blots were washed for 15 min at room temperature with Stripping Buffer (CWBio), according to the manufacturer's instructions, and then probed with rabbit anti-β-actin antibodies (HuaAn Biotechnology).
Haematoxylin and eosin (H&E) staining and in situ hybridization
Testes and seminal vesicles obtained from adult male E. sinensis in September 2014 were fixed in Bouin's solution, embedded in paraffin and cut into sections of 6-μm thickness. Paraffin-embedded sections of the testis tissue were fixed with 4% paraformaldehyde for 10 min in preparation H&E staining, in situ hybridization and immunofluorescence analysis. H&E staining was carried out according to instructions of the H&E Staining Kit (Solarbio). Using template cDNA, prepared as described above, and F3 and R3 primers (table I), a 210-bp cDNA fragment was amplified. The amplified target fragment was ligated into the pGEM-T vector (Promega). The RNA probes were synthesized using SP6/T7 RNA polymerase (Promega) and DIG RNA labelling mix (Roche) according to the manufacturer's instructions. In situ hybridization experiments were performed according to a previously described method (Trifonov et al., 2009; Wang & Yang, 2010) , with some modifications. To ensure the specificity of the hybridization signal, the sense probe was used for the control group and the antisense probe for the experimental group. Paraffin-embedded sections of tissue were dewaxed with xylene and dehydrated with gradient alcohol. Subsequently, the sections were equilibrated in 5× standard saline citrate (SSC) solution (pH 7.0) for 15 min and then immersed in pre-hybridization buffer (50% deionized formamide, 5× SSC solution and 40 μg/ml denatured salmon sperm DNA) for 2 h at 58°C. Then, 100 μl of pre-hybridization buffer was added at a 1 : 100 dilution of RNA probe at 65°C overnight. The sections were rinsed with 2× SSC at room temperature for 30 min, 2× SSC solution at 65°C for 1 h, and 0.1× SSC solution at 65°C for 1 h, and then washed in buffer I (0.1 M Tris-HCl, 0.15 M NaCl, pH 7.5) for 5 min. The sections were then treated with an anti-DIG antibody (1 : 2000 in buffer I containing 1% blocking reagent (Roche)) at room temperature for 2 h and then rinsed in buffer I at room temperature twice for 10 min and buffer II (0.1 M TrisHCl, 0.05 M MgCl 2 and 0.1 M NaCl, pH 9.5) for 5 min. The chromogenic reaction was performed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (Roche), according to the manufacturer's protocol. Hybridization was visualized under a light microscope (Leica).
Immunofluorescence
Paraffin-embedded tissue sections were dewaxed with xylene and dehydrated with gradient alcohol. Immunofluorescence analysis of GSK3β was performed according to the instructions of the manufacturer of the Histostain™-Plus kit (ZSGB-BIO). The sections were incubated with 3% H 2 O 2 in deionized water for 10 min. The sections were washed with distilled water and soaked in phosphatebuffered saline (PBS) for 5 min, followed by blocking in 5% BSA in TBST solution. The anti-GSK3β monoclonal antibody (diluted at 1 : 100) (Abcam) was then added and incubated overnight at 4°C. After three washes with PBS the sections were incubated with goat FITC-conjugated anti-mouse secondary antibody (1 : 50) (Jackson Immuno Research) for 1 h at room temperature. Finally, the sections were stained with 4 ,6-diamidino-2-phenylindole (DAPI) in mounting medium (ZSGB-BIO) and observed under a fluorescence microscope (Leica).
Statistical analysis
Statistical analysis was performed using SPSS software (version 19.0). Data are represented as the mean ± standard error (SE). Statistical significance was determined by one-way ANOVA and post-hoc Duncan multiple range tests. Significance was set at p<0.05.
RESULTS
Identification and characterization of EsGSK3β
Although GSK3β has been cloned in many mammals, the GSK3β sequence in decapoda has never been reported. The full-length cDNA of EsGSK3β from Ericheir sinensis testis spanned 1614 bp (GenBank accession no. KT336322), comprising a 395-bp 5 untranslated region (UTR), a 58-bp 3 -UTR and a 1161-bp open reading frame (ORF), encoding a protein of 386 amino acids ( fig. 1) . The molecular mass and theoretical pI of EsGSK3β were 43 kDa and 9.12, respectively. Using the SMART program, the deduced amino-acid sequence of EsGSK3β was predicted to have a Serine/Threonine kinase (S_TKc) domain (54-338 aa) and no signal peptide.
Multiple sequence alignment and phylogenetic analysis
To further analyse the relationship between EsGSK3β and GSK3β of other species, the amino-acid sequence of EsGSK3β was aligned with the GSK3β sequences from other representative species using ClustalX multiple analyses ( fig. 2) A maximum likelihood phylogenetic tree was constructed using MEGA software (version 5.0), and the reliability of the branching was tested using bootstrap re-sampling (with 1000 pseudo-replicates). The EsGSK3β branch is marked with a black triangle. The GenBank accession numbers are mentioned after each species. The relative expression levels were normalized to that of β-actin, and the relative expression of the EsGSK3β gene in various tissues was compared against that in the gills. Bars represent the triplicate mean ± SE from three separate experiments (n = 3). Bars with different letters differed with their statistical significance (P <0.05). B, Western blot analysis of EsGSK3β protein expression levels in different tissues, using a monoclonal antibody against GSK3β. A monoclonal antibody against β-actin was used as a positive control.
(82%),
EsGSK3β expression pattern in E. sinensis
Relative expression levels of EsGSK3β mRNA in different tissues (sampled in November) were analysed by qRT-PCR using β-actin as a control. The qRT-PCR results showed that the EsGSK3β mRNA was expressed in all tissues investigated, including the gill, stomach, intestine, accessory gonad, testis, ovary and heart ( fig. 4A ). The expression was high in the accessory gonad tissue and the ovary. In EsGSK3β was also expressed, in descending order, in the stomach, heart, testis, intestine and gill. The wide tissue distribution of EsGSK3β suggested that it might have different functions in various tissues. The EsGSK3β protein expression in various tissues was examined using Western blotting ( fig. 4B ). The EsGSK3β protein was widely expressed in crabs and the apparent molecular mass of the target protein was 43 kDa.
qRT-PCR analysis showed that EsGSK3β was expressed in every stage of testis development, with relatively high expression in July and August, and the lowest from September to November. In December and January, expression was significantly higher, with a maximum in December ( fig. 5A ). Western blotting showed that the expression of the EsGSK3β protein was high from July to August, and declined slightly during September. The expression level showed no significant difference in the subsequent four months ( fig. 5B ).
Morphological changes of E. sinensis sperm during spermatogenesis
Haematoxylin and eosin (H&E) staining was used to clarify the specific structures and morphological changes of E. sinensis sperm during spermatogenesis ( fig. 6a-d ). In the early stages of spermatogenesis, including the spermatogonium, primary spermatocyte and secondary spermatocyte, the cell nucleus was round or oval, with dispersed and unequal chromatin. The spermatogonia are the largest cells in the testis. The nuclei are clear because of the peripheral distribution of heterochromatin ( fig. 6a ). The spermatogonium undergoes mitotic and meiotic divisions and develops into the spermatocyte ( fig. 6b ), which then changes into the spermatid. The shape of the nucleus started to change in the early spermatid phase and invaginated into a cup-like shape in the late spermatid phase (Yu et al., 2009; Sun et al., 2010) (fig. 6c ). In the mature spermatozoon, a nuclear cup surrounds the acrosome, which is composed of an apical cap (AC), three layers (fibrous layer (FL), middle layer (ML) and lamellar structures (LS)) and the acrosomal tubule (AT) (figs. 6d and 9f). 
Localization of EsGSK3β during spermatogenesis of E. sinensis
A digoxin-labelled sense and antisense RNA riboprobe were used to investigate the location of EsGSK3β in the cell during spermatogenesis of E. sinensis. The sense RNA riboprobe was used as a negative control to confirm the elimination of non-specific hybridization. No signal was observed with the negative control ( fig. 7d-f) when hybridized with the sense EsGSK3β probe. A strong signal was detected in the cytoplasm of the spermatogonium ( fig. 7a, arrow) , but it was comparatively lower in the cytoplasm of spermatocytes ( fig. 7b, arrow) . In the spermatogonia and spermatocytes, a small amount of EsGSK3β is located in the nucleus ( fig. 7a, b) . In mature sperm cells, EsGSK3β mRNA was strongly expressed in the acrosomal tubule and apical cap ( fig. 7c, arrows) .
Localization of EsGSK3β protein in spermatogenesis
To further confirm the distribution and cellular localization of EsGSK3β in spermatogenesis, paraffin-embedded sections of the testis and seminal vesicles were analysed using immunofluorescence. Positive immunoreactive signals (green fluorescence) for the EsGSK3β protein were detected throughout the development of the E. sinensis testis. EsGSK3β was highly expressed in the cytoplasm of spermatogonia ( fig. 8a, arrow) . The signal was relatively weak and was mainly ob- Fig. 8 . Localization of EsGSK3β during spermatogenesis in Eriocheir sinensis H. Milne Edwards, 1853 by immunofluorescent analysis. Nuclei were stained with DAPI (blue), and target proteins were reacted with specific GSK3β antibodies (green). a, Spermatogonium: strong signal was detected in the cytoplasm and a small quantity in the nucleus. b, Spermatocytes: EsGSK3β was decreased slightly in the cytoplasm and a small quantity in the nucleus. c, Spermatid: the signal became minimal in the acrosomal vesicle. d, Spermatozoa: the signal was weak, concentrated in the acrosomal tubule and apical cap. Scale bar = 5 μm. This figure is published in colour in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/ 15685403.
served in the cytoplasm of spermatocytes compared to the cytoplasm of spermatogonia ( fig. 8b, arrow) . In the spermatogonia and spermatocytes, there was a small amount of EsGSK3β located in the nucleus ( fig. 8a, b) . The signals became minimal in the spermatid, and were located in the acrosomal vesicle ( fig. 8c, arrow) . In the spermatozoa, EsGSK3β were weak in the acrosomal tubule and apical cap ( fig. 8d, arrows) .
DISCUSSION
Glycogen synthase kinase 3 (GSK3) is a highly evolutionary conserved Serine/Threonine kinase that is involved in the regulation of cell proliferation and dif-ferentiation, protein synthesis, microtubule dynamics, apoptosis, and in numerous signalling pathways (Ali et al., 2001; Fuentealba et al., 2007; Eivers et al., 2009; Kim et al., 2009 ). GSK3 is not only involved in metabolic reactions, but also in the integration of the Wnt/β-catenin, Hedgehog and BMP/Smad1 pathways (Salic et al., 2000; Fuentealba et al., 2007) . In the testes high-energy-demand processes, such as spermatogenesis, are localized; therefore, the activities of metabolic enzymes, such as ATPase, sorbitol dehydrogenase (SDH), glycogen synthase and lactate dehydrogenase (LDH), are important for testicular cells (Abdul-Ghani et al., 2008; Yan et al., 2010) . Glycogen synthesis is regulated by the enzyme glycogen synthase (Bacca et al., 2005) , whose activity is regulated by glycogen synthase kinase 3β (GSK3β) (Frame & Cohen, 2001) . Glycogen plays an essential role in energy provision for gametogenic development and maintenance in marine bivalves (Bayne et al., 1982; Gabbott & Whittle, 1986; Ruiz et al., 1992; Mathieu & Lubet, 1993) . GSK3β might play an important role in energy metabolism during spermatogenesis in Eriocheir sinensis. GSK3β might regulate oocyte meiosis, is probably involved in follicle and oocyte growth during folliculogenesis in cattle (Uzbekova et al., 2009) and is the pivotal regulator of the Wnt/β-catenin signalling pathway. Previous studies revealed that GSK3β expression is critical for mouse germ cell development and differentiation, and disorders in this process lead to testicular degeneration, testicular cord disruption (Chang et al., 2008; Kobayashi et al., 2011) and many other reproductive diseases, often leading to infertility (Tanwar et al., 2010) . Recent studies showed that in mice canonical Wnt signalling is required at multiple stages of spermatogenesis, and that β-catenin-mediated Wnt signalling is vital in the later stages of spermatogenesis (Kerr et al., 2013) . GSK3β is active under basal conditions and is inactivated by mitogen-activated protein kinases (MAPKs), such as MAPK-p38 and ERK (Jope & Johnson, 2004; Martin et al., 2005; Wang et al., 2011) . The results from our lab showed that p38 and ERK play an important role in testis development of E. sinensis . This observation prompted us to further explore the function of GSK3β in the testis of E. sinensis. To our knowledge, the GSK3β gene and protein have not been reported in Decapoda; therefore, this study provides a reference for the study of GSK3β in Decapoda. We successfully cloned the cDNA of a Serine/Threonine kinase (S_TKc) domain containing protein, EsGSK3β. Subsequently, we demonstrated the expression of EsGSK3β in different tissues (testis, accessory gonad, ovary, gill, stomach, intestine and heart in November, testis from July to January of the following year) and different development stages of the testis in E. sinensis. To further explore the role of EsGSK3β during spermatogenesis of E. sinensis, the location of the EsGSK3β protein was studied. We found that during spermatogenesis EsGSK3β was redistributed from the cytoplasm and nucleus to the head of the acrosomal tubule and acrosomal tubule. Therefore, we confirmed that EsGSK3β has a function in spermatogenesis. According to Du (1988a) , testis development of E. sinensis is divided into five stages: I, spermatogonium (May-June); II, spermatocyte (July-August); III, spermatid (August-October); IV, sperm (October-April in the following year); and V, dormant stage (April-May).
Multiple sequence alignment revealed that EsGSK3β shared high similarity with other GSK3βs from other species, including Homo sapiens (79%), Pan troglodytes (82%), Sus scrofa (82%), Xenopus laevis (82%), Bos taurus (79%), Ovis aries (82%), Danio rerio (83%), Crassostrea gigas (84%), Mus musculus (82%), Fopius arisanus (84%) and Ophiophagus hannah (79%). This clearly classifies the deduced protein as a member of the GSK3 family of Serine/Threonine kinases. Phylogenetic analysis showed that EsGSK3β was clustered together initially with other invertebrates, and then with the vertebrates, which was consistent with the traditional taxonomy ( fig. 3) .
The expression of the EsGSK3β RNA and protein was fairly ubiquitous among tissues in E. sinensis. EsGSK3β mRNA was detected in the various tissues examined ( fig. 4A ). Previous studies showed that EsGSK3β mRNA was ubiquitous in tissues (Woodgett, 1990; Takahashi et al., 1994) . High expression levels of the gene were observed in the accessory gonad and the ovary compared with other tissues (gill, stomach, intestine, testis, heart). Western blotting of EsGSK3β showed that the protein was present in all tissues assayed ( fig. 4B ). The wide distribution of EsGSK3β among different tissue types implied that EsGSK3β might have a fundamental role in many biological functions, such as signal transductions, apoptosis and diseases. In cattle GSK3β might also be involved in the cumulus cells and oocytes at different meiotic stages (Uzbekova et al., 2009) . In zebrafish, GSK3β has a function in embryonic cardiogenesis and affects heart positioning (Liang et al., 2006; Lee et al., 2007) . GSK3β was detected in the testis of E. sinensis, which indicated that EsGSK3β might be associated with the reproductive cycle. In bovine epididymal spermatozoa, both the GSK3α and -β isoforms were detected (Vijayaraghavan et al., 1996) , while GSK3β was also detected in human and rhesus monkey sperm (Smith et al., 1995) .
In addition, we further analysed the expression patterns of EsGSK3β mRNA during testis development in the E. sinensis. The expression level of EsGSK3β mRNA was high in spermatocytes (July and August), decreased in the spermatid stage (September and October), and increased again in the spermatozoa stage (November-January of the following year) ( fig. 5A ). Subsequent Western blotting analysis of different developmental stages suggested that the level of the EsGSK3β protein is high in spermatocytes. However, the expression level of EsGSK3β was lowest in the spermatid and spermatozoa stages ( fig. 5B) . Similar results were observed in mouse testes (Guo et al., 2003) . This difference in the expression levels of EsGSK3β mRNA and protein could be a reflection of the differences in RNA versus protein turnover (de Sousa Abreu et al., 2009) . High expression in spermatocytes indicated that the EsGSK3β mRNA and protein play a role in meiosis initiation and played a crucial role in spermatogenesis (Guo et al., 2003) . High expression at the spermatozoa suggested EsGSK3β might be involved in embryogenesis. A GSK3β knockout mutation was an embryonically lethal (Hoeflich et al., 2000) . Guo et al. showed that the GSK3β protein was expressed in premeiotic type B spermatogonia, meiotic preleptotene spermatocytes, leptotene spermatocytes and spermatids in rat testes. However, the GSK3β protein was expressed strongly in type B spermatogonia and preleptotene and leptotene spermatocytes, but not in haploid cells in mouse testes (Guo et al., 2003) . The difference in GSK3β expression in haploid cells suggests other species-specific functions.
Moreover, the results obtained by H&E staining showed an association of GSK3β with spermatogenesis of E. sinensis. In situ hybridization located Es-GSK3β mRNA in the spermatogonia, spermatocytes and spermatozoa ( fig. 7a-c) . Robust signals were observed in the spermatogonia and spermatozoa, which decreased slightly in the spermatocytes. In the spermatogonia and spermatocytes, we mainly detected EsGSK3β mRNA in the cytoplasm. In the spermatogonia and spermatocytes, there is a small amount of EsGSK3β located in the nucleus. In mature sperm, EsGSK3β mRNA was observed in the acrosomal tubule and apical cap, indicating that it had translocated from the cytoplasm and nucleus to the acrosomal tubule and apical cap. In bovine sperm, the expression of GSK3β was higher in the caput compared to caudal sperm (Vijayaraghavan et al., 1996) , suggesting that GSK3β might be involved in the regulation of spermatogenesis in E. sinensis.
To confirm the EsGSK3β protein distribution, we used immunofluorescence analysis to detect and localize EsGSK3β during spermatogenesis. Specific positive staining with an anti-GSK3β antibody was observed during various periods of development in the testis. EsGSK3β was highly expressed in the spermatogonia, decreased slightly in the spermatocytes and showed its lowest expression in the spermatid and mature sperm ( fig. 8a-d) . These results agreed with those of the Western blotting experiment. In the spermatogonia and spermatocytes, the majority of EsGSK3β occurs in the cytoplasm, except for a little in the nucleus. The EsGSK3β protein appeared to be translocated from the cytoplasm and nucleus to the acrosomal tubule and apical cap during spermatogenesis, which might promote meiotic DNA synthesis (Guo et al., 2003) . Fig. 9 shows a schematic diagram illustrating the EsGSK3β protein expression pattern during spermatogenesis. We believe that EsGSK3β plays a crucial role in spermatogenesis.
In conclusion, we successfully cloned the full-length cDNA of EsGSK3β and performed sequence analysis. We characterized the gene and protein expression of EsGSK3β. In addition, we showed that EsGSK3β is translocated from the cytoplasm and nucleus to the acrosomal tubule and apical cap during spermatogenesis in E. sinensis. 
